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Open access under CC BDrug and gene delivery via nanoparticles across biological barriers such as the alveolar-capillary barrier of
the lung constitutes an interesting and increasingly relevant ﬁeld in nanomedicine. Nevertheless, potential
hazardous effects of nanoparticles (NPs) as well as their cellular and systemic fate should be thoroughly
examined. Hence, this study was designed to evaluate the effects of amorphous silica NPs (Sicastar) and
(poly)organosiloxane NPs (AmOrSil) on the viability and the inﬂammatory response as well as on the cel-
lular uptake mechanisms and fate in cells of the alveolar barrier. For this purpose, the alveolar epithelial
cell line (NCI H441) and microvascular endothelial cell line (ISO-HAS-1) were used in an experimental
set up resembling the alveolar-capillary barrier of the lung. In terms of IL-8 and sICAM Sicastar resulted
in harmful effects at higher concentrations (60 lg/ml) in conventional monocultures but not in the cocul-
ture, whereas AmOrSil showed no signiﬁcant effects. Immunoﬂuorescence counterstaining of endosomal
structures in NP-incubated cells showed no evidence for a clathrin- or caveolae-mediated uptake mecha-
nism. However, NPs were enclosed in ﬂotillin-1 and -2 marked vesicles in both cell types. Flotillins appear
to play a role in cellular uptake or trafﬁcking mechanisms of NPs and are discussed as indicators for clath-
rin- or caveolae-independent uptake mechanisms. In addition, we examined the transport of NPs across
this in vitromodel of the alveolar-capillary barrier forming a tight barrier with a transepithelial electrical
resistance of 560 ± 8X cm2. H441 in coculture with endothelial cells took up much less NPs compared to
monocultures. Moreover, coculturing prevented the transport of NP from the epithelial compartment to
the endothelial layer on the bottom of the ﬁlter insert. This supports the relevance of coculture models,
which favour a differentiated and polarised epithelial layer as in vitro test systems for nanoparticle uptake.
 2012 Elsevier B.V. Open access under CC BY-NC-ND license.1. Background interest for biomedical research (drug and gene delivery) [1].Nanoparticles (NPs) play a decisive role in industrial applica-
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Y-NC-ND license.Regarding an entry of NPs via inhalation, the alveolar region of
the lung with a surface area of 100–140 m2 make it an interesting
target for drug and gene delivery, but at the same time, the lung
represents a signiﬁcant portal of entry for harmful nanomaterials.
Inhaled silica nanoparticles (SNPs), for example, embody a serious
health-risk characterised by environmental and occupational lung
diseases (silicosis) [2]. It has been proposed that pulmonary release
of cytokines and mediators into the circulation, that are triggered
by inhaled NPs, cause extrapulmonary effects [3]. Epidemiological
studies revealed that particulate air pollution (PM10: Particulate
matter <10 lm) increased the frequency of cardiac diseases [4,5].
However, plausible explanations from the biological perspective
are still lacking. It is also suggested that the resulting systemic
effects are caused by an excess of inhaled PM10 that migrate into
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[6,7].
Thus, if a lung application is envisaged, toxic effects and the cel-
lular pathways as well as the further disposition of inhaled NPs
need to be addressed to gain more insight concerning the above
mentioned hypotheses.
Cytotoxicity and cellular uptake/trafﬁcking of nanoparticles in
the lower respiratory tract are still poorly understood. One reason
for this is that the alveolar-capillary barrier of the deep lung is dif-
ﬁcult to access by in vivo studies. Therefore, we have inspected
nanoparticle interactions on an in vitro coculture model of the alve-
olar-capillary. This in vitromodel consists of the epithelial cell line,
NCI H441 (with characteristics of type II pneumocytes and Clara
cells) and the human microvascular endothelial cell (MEC) line,
ISO-HAS-1, which are seeded on opposite sides of a transwell ﬁlter
membrane. Both cell types in coculture (CC) reach a more differen-
tiated and polarised phenotype than if the cells are kept under con-
ventional monoculture (MC) conditions [8,9]. Therefore, it more
closely mimics the in vivo situation of the deep lung.
Two silica-based nanoparticles such as Sicastar Red (aSNP:
amorphous silica, 30 nm in diameter) and AmOrSil (poly(organ-
osiloxane), ca. 100 nm) have been used. Sicastar rather resembles
SNPs that are used for industrial purposes and embodies a cyto-
toxic NP, which is supposed to evoke inﬂammatory responses to
study cell communication processes in the coculture. Whereas
AmOrSil is prospectively envisaged for in vitro studies concerning
drug and gene delivery and is proposed to be nontoxic. AmOrSil
has a magnetic core, which may be useful for therapeutic applica-
tions (hyperthermia, magnetic resonance imaging or drug delivery)
[10,11].
At ﬁrst, the cytotoxicity (MTS and LDH) was studied on H441
and ISO-HAS-1 in MC and CC. Subsequently, NP uptake behaviour
of the epithelial cells (H441) in CC was compared to the epithelial
cells kept in MC by ﬂuorescence intensity measurements. Further-
more, transport of NPs across the NP-exposed epithelial layer with
subsequent uptake by the endothelial layer (ISO-HAS-1) on the
opposite side of the transwell ﬁlter membrane was examined. In
addition, NP-exposed cells were immunoﬂuorescently counter-
stained for endosomal marker proteins such as clathrin heavy
chain or caveolin-1 as well as ﬂotillin-1 and -2 to examine speciﬁc
uptake mechanisms such as clathrin-dependent or caveolae-
dependent endocytosis.
Finally, the release of inﬂammatory mediators (IL-8, sICAM) has
been examined after NP exposure to the apical side of the coculture
(H441) to study inﬂammatory responses and cell communication
processes between epithelial and endothelial cells. In correlation
with the uptake/transport experiments with the coculture, these
results provide an approach to the hypothesis concerning indirect
(forwarded inﬂammatory mediators caused by NPs) or direct
(translocation of NPs) extrapulmonary effects caused by inhaled
nanoparticles.Table 1
Hydrodynamic radii of the silica-based nanoparticles (SicaStar Red and AmorSil) in
different media obtained via dynamic light scattering.
Medium H2O PBS buffer Cell medium
AmorSil
hRhiz (nm) 52.9 47.9 48.1
l2 0.17 0.09 0.11
Sicastar Red
hRhiz (nm) 12.6 66.2 58.1
l2 0.10 0.16 0.172. Materials and methods
2.1. Nanoparticle characterisation
2.1.1. AmOrSil
AmOrSil nanoparticles were synthesised and delivered by Stef-
anie Utech (Department of Physical Chemistry of the Johannes
Gutenberg University, Mainz). These NPs are magnetic nanocap-
sules with magnetic iron oxide particles incorporated into a
poly(organosiloxane) network that carries an additional PEO shell.
The synthesis of the poly(organosiloxane) core–shell nanoparticles
was performed in aqueous dispersion by co-condensation of a mix-
ture of alkyldialkoxysilanes (diethoxydimethylsilane) and alkyltri-alkoxysilanes (trimethoxymethylsilane and (chloromethylphenyl)
trimethoxysilane, as functional monomers) in the presence of a
surfactant. Rhodamine B was covalently incorporated into the en-
tire SiOx-matrix. Magnetic iron oxide nanoparticles (c-Fe2O3) with
an average radius of 3.2 nmwere encapsulated during the polycon-
densation process. Water-solubility was achieved via a grafting-on
process, in which linear PEG (poly(ethylene glycol), MW: 1650
g/mol) was covalently attached to the poly(organosiloxane) sur-
face. The magnetic nanocapsules have a primary particle radius
of 48.1 nm. Synthesis and characterisation have previously been
described by Utech et al. [10,11].2.1.2. Sicastar Red
Sicastar Red is an amorphous silica nanoparticle (30 nm in size)
in aqueous dispersion which contains rhodamin B covalently incor-
porated into the entire SiO2-matrix. The manufacturing technique
is described by micromod Partikeltechnologie GmbH [12].
The hydrodynamic radii of both Sicastar Red and AmOrSil par-
ticles in aqueous solutions (water, phosphate buffered saline
(PBS) and serum-free cell culture medium RPMI) were deter-
mined via dynamic light scattering (DLS) as previously described
for the characterisation of non-ﬂuorescent amorphous silica
nanoparticles [9]. The results are shown in Table 1. Both samples
show an increased hydrodynamic radius in salt-containing media
compared to the primary particle radius (determined by trans-
mission electron microscopy and asymmetrical ﬂow ﬁeld-ﬂow
fractionation, data not shown). In the case of the Sicastar Red,
the dispersions destabilized with higher salt contents and the
particles partly agglomerate; for the AmOrSil, the increase in size
compared to the primary particles is not yet completely under-
stood, but it can probably be explained by loose entanglements
of the attached poly(ethylene oxide) molecules. The mean hydro-
dynamic diameter of both particles is ca. 100 nm (radius:
48.1 nm).2.1.3. Cell culture
ISO-HAS-1 (human microvascular endothelial cell line [13,14])
and NCI H441 (human lung adenocarcinoma cell line, purchased
from ATCC, ATCC-HTB-174, Promochem, Wesel, Germany) were
grown in RPMI 1640 supplemented with 10% FCS (foetal calf ser-
um), 1% P/S (Penicillin/Streptomycin). ISO-HAS-1 and H441 were
passaged every third day at a dilution of 1:3 until passage 50 and
35, respectively.2.1.4. Monocultures in experimental procedures
Prior to seeding cells, the 96-well plates (TPP, Switzerland) or
eight well l-slides (ibidi) were coated with 50/300 ll ﬁbronectin
for 1 h at 37 C (5 lg/ml, Roche Diagnostics, Mannheim). The cells
were seeded (ISO-HAS-1: 1.6  104 cells/well, H441: 3.2  104
cells/well) from a conﬂuent culture ﬂask on 96-well plates in RPMI
1640 medium (Gibco) with L-glutamine supplemented with 10%
FCS and Pen/Strep (100 U/100 lg/ml) and cultivated at 37 C, 5%
CO2 for 24 h prior to NP exposure to a conﬂuent cell layer.
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lung
The coculture procedure was performed as described by Her-
manns et al. [15] with some alterations. HTS 24-Transwell ﬁlters
(polycarbonate, 0.4 lm pore size; Costar, Wiesbaden, Germany)
were coated with rat tail collagen type-I (12.12 lg/cm2, BD Biosci-
ences, Heidelberg, Germany). ISO-HAS-1 cells (1.6  104/
welle 5  104/cm2) were seeded on the lower surface of the in-
verted ﬁlter membrane. After 2 h of adhesion at 37 C and 5%
CO2, H441 (8.4  103/welle 2  104/cm2) were placed on the top
side of the membrane. The cells were cultured for about 10 days
in RPMI 1640 medium with L-glutamine supplemented with 5%
FCS, Pen/Strep (100 U/100 lg/ml). From day 3 of cultivation, the
H441 were treated with dexamethasone (1 lM). As a control,
monocultures of H441 or ISO-HAS-1 were seeded on transwells
and kept under the same culture conditions as described for the
cocultures. From day 10 on, they show trans-bilayer electrical
resistance (TER) values that average 560 ± 6X cm2.
2.1.6. Nanoparticle application on cell culture
To prevent nanoparticle aggregation, predilutions of the
NP-dispersions were prepared in pure water (Braun ad injectabilia,
BraunMelsungen AG, Melsungen). Due to nanoparticle aggregation
in serum-containing medium, serum-free medium was used dur-
ing 4 h exposure. All dilutions were applied 1:10 in serum-free
medium to the cells (96er well and transwells: 10 ll NP-
dispersion + 90 ll serum-free medium and ibidi wells: 30 ll NP-
dispersion + 270 ll serum-free medium). For colocalisation
studies, an exposure time of 20 min, 4 h and 4 h/20 h (after 4 h
incubation cells were washed twice with serum-free medium
and further cultivated for 20 h period with fresh serum-containing
medium) was chosen. For the coculture, NPs were exclusively ap-
plied to the apical side of the H441 layer on top of the transwells.
For a permanent 48 h exposure on the coculture, NPs were api-
cally applied (H441) in serum-free medium for 4 h as described
above. After 4 h, serum (2.5% end concentration) and dexametha-
sone (1 lM) were added in order to maintain stable barrier proper-
ties (transepithelial electrical resistance TER) over this long
incubation period.
2.1.7. Cytotoxicity
Cell viability was determined by measuring mitochondrial
activity using the CellTiter 96 AQueous One Solution Cell Prolifer-
ation Assay (MTS, Promega, G3582). After 4 h of nanoparticle expo-
sure, cells were washed twice with PBS to remove nanoparticle
remnants, which may cause interferences with the MTS reagent.
The MTS reagent (MTS stock solution mixed with medium in a ra-
tio of 1:10) was added to the cell layer. The OD was measured at
492 nm after 45 min incubation at 37 C.
2.1.8. Membrane integrity
To determine membrane disruption of nanoparticle-exposed
H441 and ISO-HAS-1, lactate dehydrogenase (LDH) release into
the supernatant of the cells was measured using LDH CytoTox
96 Non-Radioactive Cytotoxicity Assay (Promega, G1780) accord-
ing to the manufacturer’s recommendations.
2.1.9. Inﬂammatory responses
The supernatant of nanoparticle-exposed H441 and ISO-HAS-1
in monoculture as well as coculture (upper and lower compart-
ment) was collected to determine IL-8 and soluble sICAM release
via ELISA (DuoSet R&D, DY208) according to the manufacturer’s
recommendations. As positive control, cells were incubated
with TNF-a (300 U/ml ﬃ 0.732 g/ml) or lipopolysaccharide from
Escherichia coli (LPS, 1 lg/ml).2.1.10. Trans-bilayer electrical resistance measurements
To determine the functional efﬁciency of an intact barrier
in vitro, the transepithelial electrical resistance (TER) was mea-
sured with an EVOM volt ohmmeter (World Precision Instruments,
Berlin, Germany) equipped with a STX-2 chopstick electrode. HTS
24-Transwell ﬁlter membranes without cells coated with rat tail
collagen type-I were measured and set as blank (approximately
110 O). Barrier resistance readings (O) obtained for each well indi-
vidually and after subtracting the resistance of the blank ﬁlter
membrane were multiplied by the membrane area (0.33 cm2) to
give O cm2. In the experiments showing a time-dependent effect
of SNP exposure, the TER is expressed as% of t0 (TER value before
SNP exposure).
2.1.11. Immunoﬂuorescence (IF) for endosomal marker proteins
Immunoﬂuorescence (IF) for endosomal marker proteins was
performed to label endocytic marker proteins such as clathrin hea-
vy chain (chc: BD, 610499) or caveolin-1 (cav: SantaCruz, sc-894)
as well as ﬂotillin-1 and -2 (BD, 610821, BD, 610383). After nano-
particle exposure, cells were ﬁxed with methanol/ethanol in a ratio
of 2:1 for 15 min at room temperature. After ﬁxation, cells were
incubated with primary antibody diluted in 1% PBSA over night
at 4 C. After three washing steps with PBS, cells were incubated
with secondary antibody (Alexa Fluor 488, Invitrogen, A11029)
for 1 h at room temperature. Subsequently, cells were washed
three times with PBS, and nuclei were stained with Hoechst
33342 (Molecular Probes) for 5 min and washed three times. Final-
ly, cut transwell ﬁlters were mounted with Fluoromount-G™
(Southern Biotech, Birmingham), and ibidi l-slides were mounted
with ibidi mounting medium (ibidi, Martinsried).
2.1.12. Nanoparticle uptake behaviour of H441 in conventional mono-
and coculture conditions
To draw comparisons concerning uptake behaviour and quanti-
ﬁcation between H441 in conventional monoculture and H441
kept under coculture conditions, cells were incubated with ﬂuores-
cently labelled NPs (Sicastar Red: 6 lg/ml, AmorSil: 300 lg/ml)
and observed with a ﬂuorescence microscope (DeltaVision, Applied
Precision). To allow comparisons, the exposure time and intensity
scale were adjusted for each sample to be compared. Subsequently,
mean ﬂuorescence intensity was measured via Fiji (http://paci-
ﬁc.mpi-cbg.de) and depicted as relative ﬂuorescent unit (RFU) re-
lated to the untreated control (x-fold of untreated control).
To evaluate putative transcytosis events, H441 (in coculture
with ISO-HAS-1) were incubated with Sicastar Red (60 lg/ml),
AmorSil (300 lg/ml) for 48 h. Subsequently, ISO-HAS-1 were
checked for internalised NPs by direct observations of images ta-
ken with a ﬂuorescence microscope (DeltaVision, Applied Preci-
sion). Due to a high autoﬂuorescence of the polycarbonate ﬁlter,
a quantiﬁcation of the ﬂuorescent signal by measuring the inten-
sity via Fiji was not suitable.
2.1.13. Electron microscopy
For transmission electron microscopy (TEM), H441 were seeded
on ﬁbronectin-coated Thermanox™ coverslips (Nunc #174969,
Wiesbaden, Germany) and exposed to AmOrSil for 4 h and further
20 h cultivation in fresh serum-containing medium. Subsequently,
cells were ﬁxed in 2.5% glutaraldehyde in cacodylate buffer (pH
7.2) for 30 min then ﬁxed in 1% OsO4 for 2 h and dehydrated in
graded ethanol. The coverslips with cells were carried through pro-
pylene oxide as an intermedium; then, the samples were embed-
ded in agar 100 resin (PLANO, Wetzlar, Germany) and submitted
to polymerisation at 60 C for 48 h. Ultrathin sections were cut
with an ultramicrotome (Leica, Bensheim, Germany). The sections
were then placed onto copper grids, and ultrastructural analysis
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EM 410; Philips, Eindhoven, Netherlands).
2.1.14. Statistical analysis
From several independent measurements, means and standard
deviations were calculated. Data are shown as mean ± SD from at
least three separate experiments. Testing for signiﬁcant differences
between means was carried out using one-way ANOVA and Dun-
nett’s Multiple Comparison test at a probability of error of 5% (),
1% () and 0.1% ().3. Results
3.1. Cytotoxicity of conventional monocultures after nanoparticle
exposure
Two silica-based NPs were investigated: 1. Sicastar Red (amor-
phous silica; primary particles ca. 30 nm in diameter) and 2. AmOr-
Sil [(poly(organosiloxane) with a shell of poly(ethylene oxide),
PEO, to ensure particle solubility in water; primary particles ca.
60 nm in diameter)].
Fig. 1A depicts the viability (MTS assay) and membrane integ-
rity (LDH assay) of the lung epithelial cell line H441 and the micro-
vascular endothelial cell line ISO-HAS-1 cultured in conventional
monocultures (MC) after exposure to Sicastar Red and AmOrSil
for 4 h in serum-free medium. According to MTS, H441 showed a
signiﬁcantly reduced viability at high concentrations of Sicastar
Red (100 lg/ml: 14 ± 12%; 300 lg/ml: 60 ± 12% compared to un-
treated control uc), whereas AmOrSil did not have any effect (e.g.
300 lg/ml: 109 ± 12% compared to uc). Similar observations have
been made for the microvascular endothelial cell line ISO-HAS-1
with Sicastar Red (300 lg/ml: 36 ± 18% and 100 lg/ml: 34 ± 4% of
uc) as well as AmOrSil (300 lg/ml 111 ± 15% of uc). Sicastar Red
did not cause a signiﬁcant decrease in the mitochondrial activity
at 60 lg/ml for both cell types (H441: 98 ± 15% and ISO-HAS-1:
99 ± 12% of uc). With respect to viability, similar effects were ob-
tained for the membrane integrity after NP exposure. H441
showed a signiﬁcant release of LDH after 4 h exposure to Sicastar
Red (300 lg/ml: 90 ± 7.5%, 100 lg/ml: 70 ± 13.6%, 60 lg/ml:
46 ± 22% of lysis control lc), whereas 6 lg/ml Sicastar Red did not
show any toxic effects (14.2 ± 12% of lc). Similar to H441, ISO-
HAS-1 also displayed a high LDH release at high concentrations
(300 lg/ml: 77 ± 7.5%, 100 lg/ml: 57 ± 18% of lc) but not at
60 lg/ml (12 ± 5% of lc). AmOrSil did not cause a change in mem-
brane integrity even at high concentrations of 300 lg/ml in H441
or ISO-HAS-1 (H441: 13 ± 11% and ISO-HAS-1: 4 ± 2.8% of lc).
3.2. Cytotoxicity of Sicastar Red exposed to H441 in coculture with
ISO-HAS-1, comparison to conventional monocultures
According to Fig. 1B, LDH release into the apical compartment
(H441) of the coculture (CC) was ﬁrstly detected at a concentration
of 100 lg/ml Sicastar Red (30 ± 5.6% of lysis control, 2-fold of un-
treated control uc), but to a lower extent as observed for the
H441 in MC (57 ± 18% of lc). The LDH release of the H441 in CC fur-
ther increased with increasing concentrations (300 lg/ml:
49.3 ± 12.4% of lc), which is also lower compared to the MC
(90 ± 7.5% of lc). A concentration of 60 lg did not yield higher
LDH levels (10.4 ± 2.5% of lc) on the contrary to the MC (46 ± 22%
of lc). Thus, the H441 in CC appear to have more intact membrane
integrity after NP exposure compared to H441 under MC
conditions.
High concentrations of Sicastar Red (300 lg/ml) exhibited min-
imal assay interferences (assay reagent in cell culture medium
with NPs without cells), which was negligible compared to therespective lysis control (H441: 0.95 ± 0.34% and ISO-HAS-1:
4.4 ± 1.6% of lc).
3.3. Inﬂammatory responses of H441 and ISO-HAS-1 in conventional
monoculture after exposure to Sicastar Red and AmOrSil
After 4 h NP exposure, the NP suspension was removed, and the
cells were cultured for a further 20 h period to examine IL-8 and
soluble sICAM release after NP exposure. Corresponding to the
MTS and LDH assay, AmOrSil did not result in any toxic effects on
H441 and ISO-HAS-1 concerning IL-8 and sICAM (Fig. 1C). By con-
trast, Sicastar Red resulted in an IL-8 release in both cell types
(H441 and ISO-HAS-1) at 60 lg/ml (H441: 2.1 ± 0.22% and ISO-
HAS-1: 2.3 ± 0.1% of uc). Due to the high cytotoxic effects and cell
death, which was also observed in the MTS and LDH assay, lower
IL-8 levels were measured at higher NP concentrations (100 and
300 lg/ml) compared to 60 lg/ml in both cell types. A signiﬁcant
sICAM release was also observed for Sicastar Red at a concentration
of 60 lg/ml (H441: 1.8 ± 0.14% and ISO-HAS-1: 1.6 ± 02% of uc).
With increasing concentrations (100 and 300 lg/ml), the sICAM le-
vel still remained signiﬁcantly high for H441 (100 lg/ml:
1.3 ± 0.17%, 300 lg/ml: 1.5 ± 0.3% of uc) and was further aug-
mented for ISO-HAS-1 (100 lg/ml: 1.8 ± 0.32%, 300 lg/ml:
2.6 ± 0.4% of uc).
3.4. Examination of endosomal uptake routes of NPs under
conventional monoculture conditions
Colocalisation of NPs with endosomal marker proteins belong-
ing to the clathrin-mediated (clathrin heavy chain) or caveolae-
mediated (caveolin-1) endocytosis pathways were performed in
H441 and ISO-HAS-1 by means of immunoﬂuorescence staining
procedures (Fig. 2, only Sicastar Red is depicted, AmOrSil yielded
similar results). Neither Sicastar Red nor AmOrSil exhibited an up-
take in such organelles after 20 min, 4 h or 4 h incubation followed
by further cultivation for 20 h in fresh serum-containing media.
Thus, an early endosomal uptake via this method could not be
identiﬁed at the three time points investigated. However, after
4 h incubation followed by 20 h of further cultivation, the ﬂuores-
cence signals of both NPs were clearly colocalised with ﬂotillin-1
and -2 signals in H441 and ISO-HAS-1 (Fig. 3). The NPs were clearly
enclosed by ﬂotillin-1 and -2 containing vesicles. In ISO-HAS-1,
colocalisation of NPs with ﬂotillin-1/2 was already observed after
4 h, indicating a faster uptake mechanism in these cells (data not
shown).
3.5. Visualisation of internalised AmOrSil in H441 cells in conventional
monoculture via TEM (transmission electron microscopy)
TEM was used to deﬁne at higher magniﬁcation the cellular up-
take of AmOrSil in endosomes of H441 (Fig. 4). The iron oxide core
and its poly(organosiloxane) shell were clearly visible, and the NPs
were incorporated into endosomal structures. Sicastar Red NPs
were not visible via TEM due to its low electron density, which re-
sulted in a low contrast. Thus, this method was not applicable to
associate these NPs to a particular subcellular compartment.
3.6. Quantiﬁcation of nanoparticle uptake, comparison of H441 under
conventional mono- and coculture conditions
Nanoparticle (Sicastar Red and AmOrSil) uptake behaviour of
the epithelial cells was determined and compared for H441 under
MC and CC conditions. Fig. 5A depicts the quantiﬁcation of interna-
lised ﬂuorescence-labelled NPs (Sicastar Red: 6 lg/ml, AmOrSil:
300 lg/ml) in H441 for 4 h with further 20 h cultivation in MC
and CC (with ISO-HAS-1). Concentrations were chosen to obtain
Fig. 1. (A) Exposure of H441 and ISO-HAS-1 in conventional monoculture to Sicastar Red and AmOrSil (6–300 lg/ml),viability (MTS assay) and lactate dehydrogenase release
(LDH) of H441 and ISO-HAS-1 following treatment with NPs for 4 h was conducted. (B) LDH release of H441 in coculture with ISO-HAS-1 (upper well is depicted) exposed to
Sicastar Red for 4 h. (C) Measurement of inﬂammatory mediators (IL-8, sICAM) in the supernatant of NP-exposed H441 and ISOHAS-1 in conventional monoculture for 4 h
with further 20 h cultivation in serum-containing medium without NPs. Uc: untreated control, TNF-a (300 U/ml). Data are depicted as means ± SD of two independent
experiments with n = 3 samples for each treatment. For statistical analysis one-way ANOVAwith Dunett’s post test was applied. P < 0.05, P < 0.01 and P < 0.001 compared
to the untreated control (uc).
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Fig. 2. Incubation of H441and ISO-HAS-1 in conventional monoculture with
Sicastar Red (6 lg/ml) for 20 min, 4 h and 4 h with subsequent removal of NPs
and culturing for further 20 h in fresh serum-containing medium (red signal). Green
signal: Immunoﬂuorescent staining for clathrin heavy chain (CHC) and caveolin-1
(Cav) containing vesicles. Nuclei are stained with Hoechst 33342 (blue). Bar: 5 lm.
Fig. 3. Uptake studies of immunoﬂuorescence stained vesicles of H441 and ISO-
HAS-1 kept in conventional monoculture and exposed to Sicastar Red (6 lg/ml) and
AmOrSil (100 lg/ml) for 4 h and further 20 h cultivation (red signal). A clear
incorporation of NPs in ﬂotillin-1- and -2-containing vesicles (green signal) could
be detected. Nuclei are stained using Hoechst 33342 (blue), scale bar: 5 lm.
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cocultures.
A signiﬁcant increase in ﬂuorescence intensity was observed for
NP-incubated H441 in MC for both NPs (Fig. 5A: Sicastar Red:
1.5 ± 0.5-fold of uc and AmOrSil: 2.7 ± 0.3-fold of uc). For H441 in
CC, however, an uptake via ﬂuorescence intensity measurement
could not be detected.
3.7. Visualisation of internalised nanoparticles: comparison of H441 in
conventional monoculture and coculture
Based on the visual examination of the microscopic image
(Fig. 5B), the uptake of both NP types in H441 in CC appeared ex-
tremely low compared to the MC. In Fig. 5C, an elevation of the
NP-concentration and exposure time revealed an increased uptake
of Sicastar Red (60 lg/ml, 48 h) in H441 in CC. However, an in-
creased uptake of AmOrSil (300 lg/ml, 48 h) could not be veriﬁed.
3.8. Examination of endosomal uptake routes of NPs in H441 under
coculture conditions
The same exposure times and staining procedures as described
above (see Fig. 2) were carried out with H441 grown in CC with
ISO-HAS-1 to determine if differences in nanoparticle uptake or
trafﬁcking behaviour from H441 under different culture conditions
compared to the MC occurred. Although the monoculture of H441
showed ﬂuorescent signals inside the cells after only 4 h of incuba-
tion, this time period yielded no uptake in H441 in CC with both NP
types as detectable by ﬂuorescence microscopy (data not shown).Similar to the ﬁndings in the MC, no clear uptake in early endo-
somes (clathrin heavy chain, caveolin-1 and other markers) was
detected in the CC at all time points chosen (4 h and 4 h followed
by 20 h cultivation in fresh medium without NPs). Accumulation
of Sicastar Red in ﬂotillin-1- and -2-bearing vesicles occurred after
20 h following the 4 h incubation period (Fig. 6) similar to that ob-
served in MC. AmOrSil however, did not show any colocalisation
with ﬂotillin-1 and 2 (data not shown).3.9. Evaluation of a transport of NPs across the apically exposed
(epithelial side) coculture via ﬂuorescence microscopy
Fig. 7 (left column) shows exposure of ISO-HAS-1 in MC to NPs
as it was applied for the colocalisation studies (Sicastar Red
6 lg/ml and AmOrSil: 300 lg/ml, 4 h with 20 h cultivation in
Fig. 4. Transmission electron microscopical images of H441 in conventional monoculture exposed to AmOrSil for 4 h and further 20 h cultivation in fresh serum-containing
medium. The iron oxide core with its poly(organosiloxane) shell is clearly visible and incorporated in endosomal structures.
Fig. 5. Comparison of NP uptake behaviour in H441 under different culture conditions (mono: conventional monoculture, coc: differentiated coculture with ISO-HAS-1).
Images were taken by means of a ﬂuorescence microscope (DeltaVision, Applied Precision), (A) Incubation with Sicastar Red (6 lg/ml) and AmOrSil (300 lg/ml) for 4 h with
further 20 cultivation in serum-containing medium without NPs. Intensity scales were aligned for untreated and treated samples and mean ﬂuorescence intensity was
measured via Fiji (http://paciﬁc.mpi-cbg.de). RFU = relative ﬂuorescent unit. Data are depicted as means ± SD from nine images. For statistical analysis the unpaired t-test was
chosen (P < 0.05, P < 0.01 and P < 0.001 compared to the untreated control). (B) Images: Sicastar Red and AmOrSil (red signal), incubation procedure as described for A.
(C) 48 h permanent incubation of Sicastar Red (60 lg/ml)and AmOrSil (300 lg/ml) to H441 in coculture with ISO-HAS-1: uptake for Sicastar Red increased, whereat uptake
for AmOrSil remains lower. Nuclei are stained using Hoechst 33342 (blue), scale bar: 5 lm.
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be veriﬁed with direct exposure to NPs for the MC. To evaluate the
transport of NPs across the NP-exposed epithelial layer of the CC,
the endothelial layer (ISO-HAS-1) on the lower surface was exam-
ined for NPs. For this purpose, NPs (Sicastar Red: 60 lg/ml, Amor-
Sil: 300 lg/ml) were continuously applied on the apical side (on
the epithelial monolayer of H441) for 48 h. As a control ISO-HAS-
1 was seeded on the lower surface of the transwell ﬁlter membrane
and cultured for 10 days with subsequent indirect (apical) NP-application without H441 on the top (Fig. 7, middle column). A cel-
lular uptake of both NPs could be detected in the ISO-HAS-1 trans-
well-monoculture. However, compared to the conventional
monoculture MC, a lower amount of NPs was taken up. These ﬁnd-
ings verify that the coculture model system was functional and
particles that were applied apically (on top of the ﬁlter membrane)
and able to diffuse through the collagen-1 coated ﬁlter membrane
and reach the endothelial monolayer. Under coculture conditions
with H441 on the upper-side of the ﬁlter membrane and apical
Fig. 6. Uptake studies of IF-stained H441 kept in coculture with ISO-HAS-1 exposed
to Sicastar Red (60 lg/ml, red signal) and AmOrSil (300 lg/ml, red signal) for 4 h
and further 20 h cultivation). H441 were counterstained for ﬂotillin-1 and ﬂotillin-2
(green signal). A clear incorporation of Sicastar Red in ﬂotillin-1 and -2 containing
vesicles could be detected. No colocalisation could be observed for AmOrSil. Nuclei
are stained using Hoechst 33342 (blue), scale bar: 5 lm.
Fig. 7. Evaluation of the uptake of apically applied NPs (Sicastar Red: 60 lg/ml), AmOrS
ISOHAS-1 under conventional monoculture conditions (Incubation for 4 h with 20 h furt
and right column: ISO-HAS-1 under different coculture conditions (Incubation time:
monoculture under coculture conditions, right column: ISO-HAS-1 in coculture with H4
Precision). Nuclei are stained using Hoechst 33342 (blue), scale bar: 10 lm.
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both NPs (Fig. 7, right column), although a detectable uptake was
seen after 48 h exposure on the apical side of the ﬁlter membrane.3.10. Evaluation of the barrier properties after NP exposure to the
coculture via transepithelial electrical resistance TER
The barrier properties were also evaluated following the apical
(H441) exposure to Sicastar Red and AmOrSil. TER (Fig. 8A) was
measured after exposure to Sicastar Red (60–300 lg/ml) for 4 h
and 4 h/20 h (4 h exposure and 20 h further cultivation in fresh
serum-containing medium). Very high concentrations (300 lg/
ml) resulted in a dramatic decrease of TER after 4 h (11.5 ± 6.6%
of t0) and remained signiﬁcant reduced during the 20 h recovery
period (24 ± 21% of t0). Furthermore, TER was also checked for
the permanent incubation for 48 h to Sicastar Red (60 lg/ml) and
AmOrSil (300 lg/ml). No signiﬁcant alterations to the TER occurred
during the 48 h exposure compared to the untreated control,
which demonstrated that a functional barrier was present during
coculture transport experiments. The untreated control showed re-
duced TER values after 24 h (91 ± 8% of t0), and these further de-
creased after 48 h (76 ± 11% of t0). But, even with the reduction
of TER, a functional barrier could be maintained after 48 h with
390 ± 83 O cm2.3.11. Inﬂammatory responses of the coculture after NP treatment
IL-8 and sICAM released from cells was determined after Sicas-
tar Red exposure for 4 h/20 h (60–300 lg/ml). As control groups,
transwell-monocultures (H441, seeded on the top and ISO-HAS-1il: 300 lg/ml) in ISO-HAS-1 cells using different exposure conditions. Left column:
her cultivation in fresh medium, Sicastar Red: 6 lg/ml, AmorSil: 300 lg/ml), middle
48 h, Sicastar Red: 60 lg/ml, AmorSil: 300 lg/ml, middle column: ISO-HAS-1 as
41). Images were taken by means of a ﬂuorescent microscope (DeltaVision, Applied
Fig. 8. Transepithelial electrical resistance (TER) of the coculture H441/ISO-HAS-1
was measured after (A) Sicastar Red exposure (60–300 lg/ml) for 4 h and 4 h with
further 20 h cultivation in serum-containing medium without NPs and (B) 48 h
permanent exposure of Sicastar Red (60 lg/ml) and AmOrSil. TER values are
depicted as % of time-point t0 (TER value prior to NP treatment). Results are shown
as means ± SD of three independent experiments with n = 3 samples for each
treatment. For statistical analysis one-way ANOVA with Dunnett’s Multiple
Analysing test was chosen. P < 0.05, P < 0.01 and P < 0.001 compared to the
untreated control.
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along with the coculture under the same culture conditions with
Sicastar Red applied apically (on the H441 side). A concentration
of 300 lg/ml in the CC resulted in a dramatic IL-8 release into
the upper compartment (27 ± 9-fold of untreated control uc) but
not into the lower compartment, which was on the contrary ob-
served for the H441 transwell-monoculture without ISO-HAS-1
in the lower chamber (4 ± 1.2-fold of uc). However, a signiﬁcant in-
crease of sICAM (1.76 ± 0.4% of uc) could be detected in the lower
compartment of the CC (ISO-HAS-1 side) after exposure to 300 lg/
ml Sicastar Red. The monoculture with ISO-HAS-1 showed higher
levels of sICAM (60 lg/ml: 2.25 ± 1.3%, 100 lg/ml: 2.3 ± 0.6%,
300 lg/ml: 3.3 ± 1.1% of uc) in the apical (upper) compartment
(the stimulated side and basolateral side of the ISO-HAS-1). A con-
centration of 60 lg/ml Sicastar Red did not cause an IL-8 elevation
after 4 h/20 h but after 48 h continuous exposure (7.5 ± 3.5% of uc).4. Discussion
4.1. Cytotoxicity
In this paper, we ﬁrst examined the cytotoxicity of NP in MC
and CC to determine on the one hand the nontoxic concentrations
of NPs but also the concentration ranges that allowed the micro-
scopic detection of the particle uptake in the mono- and cocultures
or epithelial and endothelial cells, respectively. For the uptake in
MC lower concentrations of Sicastar Red particles (6 lg/ml)
showed no toxic effects on epithelial cells, and an uptake in cells
was detectable by ﬂuorescence microscopy. In contrast, we ob-served a lower sensitivity of cells to Sicastar particles in the CC
as indicated by the absence of toxic effects at concentrations of
60 lg/ml, which were also sufﬁcient to detect NP uptake in the
CCs. The results examining cytotoxicity (MTS and LDH) and inﬂam-
matory responses (IL-8 and sICAM) of NP-exposed H441 and ISO-
HAS-1 in MC show dose-dependent cytotoxic effects for Sicastar
Red, especially at higher concentrations such as 100 and 300 lg/
ml. However, for AmOrSil, no harmful effects could be observed
at all end-points.
According to the data for general cytotoxicity and inﬂammatory
activation cells used in this model appeared to tolerate the AmOr-
Sil particles, even though these were present in higher mass con-
centrations than the Sicastar particles. At the concentrations
used, Sicastar always provided a much larger surface compared
to AmOrSil in regard to the smaller particle size, which may also
explain its higher toxicity. However, a direct comparison of the
cytotoxicity of the two different silica-based particles should not
merely base on their mass concentration due to their different size,
mass and particle density. Thus, using the same administered mass
of the NPs leads on the one hand to a different applied particle
number and particle surface area and on the other hand it may lead
to different cellular doses (compared to the administered dose on
the cells) due to different particokinetics (diffusion, gravitational
settling, agglomeration) of the particles [16]. In addition, different
endocytotic pathways, that NPs may follow, might lead to differen-
tial toxicological effects. Beside size and shape, the cytotoxic effect
of silica nanoparticles can primarily be associated to the reactivity
of the nanoparticle surface which interfaces with the biological
milieu. As reviewed by Napierska et. al., the hydrophilicity which
is due to surface silanol groups is linked to cellular toxicity [1].
Since Sicastar Red is a hydrophilic amorphous silica nanoparticle
with a plain/unfunctionalized surface it exerted a higher cytotoxic-
ity. No obvious toxicity was observed for the organically modiﬁed
and hydrophobic poly(organosiloxane) particle AmOrSil, whose sil-
anol groups are mostly condensed into siloxane bonds. Further-
more, AmOrSil is coated with poly(ethylene oxide) (PEO) to
achieve a water-solubility. Coating of NPs with poly(ethylene gly-
col) (PEG) or as in our case poly(ethylene oxide) (PEO) is widely ap-
plied in research concerning nanoparticles generated for
biomedical applications. Suh and co-workers [2] reported that
PEGylation improved the stability of NPs in aqueous solutions,
gave a more efﬁcient and constant crossing of NPs through biolog-
ical obstacles and an improved cytoplasmic transport after endo-
somal escape, suggesting a reduction of nonspeciﬁc adhesion to
cytoskeletal elements.4.2. Cellular uptake routes
To determine cellular entry mechanisms of nanoparticles, cur-
rent research is focussing on endocytotic pathways such as clath-
rin-mediated and caveolae-mediated endocytosis. Recent studies
emphasise certain NP characteristics, such as size, shape and sur-
face properties, that may be crucial in determining or allowing en-
try into respective pathways [17]. In addition, uptake mechanisms
may depend on cell and differentiation speciﬁc endocytose mech-
anisms, and this may result in signiﬁcant differences when com-
paring cells from different sources or states of differentiation.
Silica-based NPs have been widely applied in nanobiomedicine
research as drug/gene vehicles (Reviewed by Kunzmann et. al. [1]).
Poly(organosiloxane) core–shell nanoparticles are also being
examined for prospective biomedical applications. AmOrSil NPs
has a magnetic core, giving the prospect of novel therapeutic appli-
cations. Magnetic NPs are already used for biomedical applications,
such as hyperthermia, magnetic resonance imaging and drug deliv-
ery [10,11].
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no classical uptake mechanisms (clathrin-mediated and caveolae-
mediated, see Fig. 2). Within the time points chosen in this study,
none of the NPs colocalised either with markers for clathrin-
mediated endocytosis (e.g. clathrin heavy chain: chc) or with
markers for caveolin-dependent pathways (e.g. Caveolin-1: cav).
Even short exposure times (5 min) could not reveal a colocalisation
with clathrin-coated vesicles which have a lifetime of a few sec-
onds, before they shed the clathrin and recycle it to the plasma
membrane. Those static colocalisation experiments may not detect
such transient events properly and they should be supported by
e.g. inhibition experiments. Several recent studies indeed sug-
gested clathrin-mediated uptake of silica-based particles such as
unmodiﬁed mesoporous silica [18,19], which is a different type
of silica material, containing ordered nanoscale pores (whereas
Sicastar is unporous). Glebov et. al. studied endocytosis mecha-
nisms involving clathrin-, caveolae-, as well as ﬂotillin-dependent
pathways by applying several inhibition methods for these distinct
endocytosis mechanisms [20]. Our recent study using ﬂotillin-1
and -2 depleted (siRNA transfection) H441 cells accentuated a
contribution of ﬂotillins in cellular uptake mechanisms of silica
nanoparticles, since the uptake of NPs was reduced in ﬂotillin-1/
2 depleted cells [21].
In our previous study, we compared, besides cytotoxicity and
inﬂammation, cellular uptake of aSNPs of different sizes (30, 70
and 300 nm in diameter), whereas all sizes were clearly incorpo-
rated in ﬂotillin-1 and ﬂotillin-2 labelled vesicles of H441 and
ISO-HAS-1 in MC [21]. This study also demonstrates an incorpora-
tion of Sicastar Red and AmOrSil in ﬂotillin-1- or ﬂotillin-2-labelled
vesicles, thus indicating an involvement of ﬂotillin-1/2, at least in
trafﬁcking or in storage mechanisms (Fig. 3). Flotillin-1 and ﬂotil-
lin-2 (also called reggie-2 and reggie-1, respectively) are lipid
raft-associated proteins and are thought to be involved in clathrin-
and caveolae-independent endocytosis pathways, which is already
stated by several studies [22–25]. Another study discussed a con-
tribution of ﬂotillins to maturation processes of late phagosomes
in macrophages (J774) [26]. Furthermore, Vercauteren and co-
workers reported a ﬂotillin-1-dependent uptake mechanism of
polyplexes in retinal pigment epithelium (RPE) cells [27]. These re-
sults corroborate the ﬁndings demonstrated in the present study,
in which ﬂotillin-1/2 were partially detected in LAMP-1-bearing
vesicles of H441 and ISO-HAS-1 (see additional Fig. 1), but it did
not colocalize with early endosomal marker proteins such as
EEA1 (early antigen 1, data not shown).
Since this phenomenon occurs in a variety of cell types such as
macrophages (J774), epithelial cells (H441, HeLa, RPE) or endothe-
lial cells (ISO-HAS-1), it appears to be a general phenomenon. Thus,
ﬂotillins may play a general key role in late- or lysosomal degrada-
tion or storage processes.
Uptake experiments with Sicastar and AmOrSil in H441 which
were carried out under coculture conditions also revealed an incor-
poration in ﬂotillin-1 and -2 labelled vesicles for Sicastar Red but
not for AmOrSil (Fig. 6) after an incubation period of 4 h and
20 h further cultivation in fresh serum-containing media. The
H441 cells in coculture differed from the monoculture with respect
to time-and dose-dependency of the nanoparticle uptake.
4.3. Quantiﬁcation of NP uptake in H441 in mono- and coculture
Quantiﬁcation experiments clearly showed NPs to a higher ex-
tent in H441 in MC compared to H441 in CC with ISO-HAS-1. Based
on ﬂuorescence intensity measurements, the H441 in CC did not
take up the NPs (Fig. 5A and B). The polarised, barrier-forming
H441 in CC required an increased exposure time (permanent
48 h) and an up to 10x higher dose than MCs to observe a visible
uptake of Sicastar Red.The reasons for these observations are currently unclear but
might be associated to the more restrictive barrier in the CC or
with more matured endocytosis mechanisms. The H441 in CC with
ISO-HAS-1 displayed a barrier-forming cell phenotype with a more
differentiated and polarised state similar to that observed in the
in vivo biological barrier. These cells develop a tight barrier demon-
strated by a continuous circumferential ZO-1 (zonula occludens-1)
staining [9,28]. The H441/ISO-HAS-1 coculture achieve a transepi-
thelial electrical resistance (TER) value that averages 560 ± 6 O cm2
[9,28]. Furthermore, H441 cells in coculture develop a differenti-
ated apical (as well as basolateral) membrane with a distinct setup
of membrane components as well as microvilli [15], which are typ-
ical for ATII cells in vivo and may compromise NP uptake also.
Thismay also explainwhy AmOrSil did not colocalizewith ﬂotil-
lins in H441 in coculture indicating a slower or narrowed uptake
behaviour in the coculture. The uptake for AmOrSil could not be de-
tectedwith higher incubation times or concentrations (Fig. 5C). This
may lead to the conclusion that this material is likely to be inert in
the lung in vivo. Whether differences of NP uptake inMC or CC occur
seems to depend also on the nanoparticle properties as already
mentioned in the cytotoxicity section. These inert properties are
giving the prospect of a well-controlled and targeted uptake when
further speciﬁc modiﬁcations are conducted to target a distinct up-
take route or site or even a cell type (e.g. alveolar macrophages).
Hermanns et al. [28] described comparable uptake results for PEI
(poly(ethyleneimine)) in MC compared to the H441 in CC. In addi-
tion, our recent study showed that the cells maintained under
coculture conditions displayed a higher resistance upon aSNP expo-
sure as monitored by membrane integrity (LDH assay) and an in-
creased sensitivity based on the inﬂammatory responses (sICAM,
IL6 and IL-8) [9]. This indicates that the amount of NPs taken up,
which was dramatically reduced in the coculture compared to the
conventional monoculture, correlates with the cytotoxic effects.
A comparison of the nanoparticle uptake behaviour of epithelial
(H441) and endothelial cells (ISO-HAS-1) would also be very inter-
esting, since endothelial cells differ from epithelial cells in regard
to their physiological function, and reﬂected in differences in mor-
phology, membrane composition and the less restrictive barrier
compared to epithelial cells. Unfortunately, quantiﬁcation via ﬂuo-
rescence intensity measurements is not possible due to the differ-
ent cellular properties, which are mentioned above. This might
lead to a putative different agglomeration behaviour of interna-
lised NPs, which leads to an altered ﬂuorescence light scattering
and therewith to unprecise measurements. A more precise quanti-
ﬁcation method would be with ICP-AES (Inductively Coupled Plas-
ma-Atomic Emission Spectrometry) which has previously been
shown to be a unique and precise method [29,30] to quantify
and compare gold nanoparticle uptake in epithelial and endothelial
cells. Nevertheless, in MCs colocalisation of NPs with ﬂotillin-1/2
was observed as soon as 4 h after exposure in ISO-HAS-1, indicat-
ing a faster uptake mechanism compared to H441, which showed a
colocalisation ﬁrst after 4 h/20 h (data not shown). Since cellular
uptake as well as transcytosis or transport processes of molecules
via membrane vesicles or caveolae are a hallmark of endothelial
cells, this might explain the faster uptake compared to the epithe-
lial cells (H441) [31].
4.4. Transport across the barrier
According to the transport studies of NPs across the lung barrier
model, the NP-exposed epithelial layer displayed a functional bar-
rier in vitro that prevented a direct passage through the transwell.
According to the TER measurement during the transport experi-
ment, the NPs did not affect the barrier properties signiﬁcantly
which veriﬁes a functional in vitro barrier during the entire incuba-
tion period for 48 h (Fig. 8B). The slight reduction in TER after 48 h,
Fig. 9. The release of inﬂammatory mediators (IL-8, sICAM) is shown after NP exposure to apical/basolateral differentiated cocultures of H441 and ISO-HAS-1, as well as their
appropriate monocultures grown on HTS 24-Transwell ﬁlters. Cells were exposed to NPs from the apical side of the ﬁlter membrane to mimic an inhalative exposure. (A)
After 4 h serum-free incubation of the cocultere with Sicastar Red (60–300 lg/ml), NPs were removed and the cells were cultivated for further 20 h in serum-containing
medium without NPs. (B) IL-8 measurement after 48 h permanent exposure of the coculture to Sicastar Red (60 lg/ml) and AmOrSil (300 lg/ml). After NP treatment (A and
B), supernatant of both compartments (apical: upper well, basolateral: lower well) was examined. Uc: untreated control, LPS (1 lg/ml), TNF-a (300 U/ml). Data are depicted
as means (x-fold of untreated control uc) ± SD of three independent experiments with n = 3. For statistical analysis two-way ANOVA with Bonferronie’s post test was
conducted. P < 0.05, P < 0.01 and P < 0.001 compared to the untreated control. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to
the web version of this article.)
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the cultivation in low serum (2.5%). This compromise has been
done to avoid on the one hand nanoparticle agglomeration due
to serum and on the other hand to minimise TER interferences
due to the absence of serum. But, even with the reduction in TER
a functional barrier could be maintained after 48 h with
390 ± 83 O cm2. However, a comparison of the short term exposure
without serum and the long-term exposure with low serum is lim-
ited by the fact that particles may display an altered uptake behav-
iour as well as cytotoxicity and inﬂammatory potential of the SNPs
due to the particle protein corona as it is mentioned in recent stud-
ies [32,33].
4.5. Inﬂammation
In this study, an exposure of the coculture to Sicastar Red
(60 lg/ml) resulted in elevated IL-8 levels in the upper compart-
ment (H441 side) after 48 h but not in the lower compartment
(Fig. 9B), whereas the incubation for 4 h with further recovery per-
iod for 20 h in serum-containing medium without Sicastar Red didnot show an IL-8 release (Fig. 9A). This indicates the relevance of
also using longer incubation times to evaluate cellular effects of
NPs. Dose-dependent inﬂammatory responses of the coculture
was also afﬁrmed for Sicastar Red (60–300 lg/ml) at an incubation
time of 4 h with further 20 h recovery in serum-containing med-
ium without NPs. At a concentration of 300 lg/ml, the coculture
showed a signiﬁcant IL-8 release in the upper compartment
(H441) but not in the lower compartment, whereas the H441
transwell-monoculture showed a release in both the upper and
lower well. Additionally, the TER values were dramatically reduced
at this high concentration in both the coculture and H441 trans-
well-monoculture to a similar extent. This indicated that the IL-8
originating from the epithelial cells did not cross the endothelial
layer even with a disrupted epithelial barrier. The fact that a con-
centration of 300 lg/ml in the coculture resulted in a sICAM re-
lease on the endothelial side but not on the epithelial side may
indicate cross-talk between IL-8 (among others) releasing H441
and endothelial cells, which were consequently triggered to release
sICAM. Beside leucocyte adhesion and transmigration, sICAM is
considered to play a role in cardiovascular disease progression
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indirect extrapulmonary effects caused by NPs. According to visual
judgments, both epithelial and endothelial monolayers were sus-
tained after incubation with a concentration of 300 lg/ml Sicastar
Red. This also may explain the fact that an apical (H441) increase of
IL-8 with increasing Sicastar concentrations was detectable in CC,
however the H441 in MC responded with a decrease of IL8 with
increasing Sicastar concentrations which is due to a severe cell
loss. Conversely, an increased sICAM release was observed for
H441 in MC, whereas no sICAM response was detectable for
H441 in CC. This might be due to a higher differentiation and polar-
isation of the H441 considering a well-developed apical membrane
with microvilli concluding an altered shedding of adhesion
molecules.
Furthermore, an increased uptake (compared to a concentration
of 60 lg/ml, as used for the transport experiments)was observed for
the direct exposed H441 but not in the ISO-HAS-1 on the bottom
side inwhichnoﬂuorescence signals ofNPs could bedetected. These
ﬁndings corroborate the abovementioned conclusion. These results
also corroborate the observation by Kasper et al. [9], which de-
scribed cross-talk between direct aSNP-exposed H441 with ISO-
HAS-1 resulting in an inﬂammatory response of the endothelial
layer, which did not have a direct contact to NPs. A reason for the
endothelial sICAM release may also be due to the elevated LDH re-
lease of theH441 and reduced TER. Theseﬁnding could be attributed
to the presence of necrotic cells at these very high concentrations.
LDH, ATP and other cytosolic components,which are released by ne-
crotic cells, are known to cause inﬂammation. The induction of
inﬂammatory processes induced by cell damage play also a signiﬁ-
cant role in the development of acute lung injury (ALI) or obstructive
lung diseases (COPD). High concentrations such as 300 lg/ml used
in this study probably exceed concentrations of NPs which may oc-
cur during inhalation processes in vivo, but they serve very well as a
positive control for the in vitro setting. In consequence, subsequent
approaches would have to take into account effects caused by long-
term or repeated exposure to nanoparticle in lower doses as it may
occur in the development of obstructive lung diseases.5. Conclusion
According to this study, ﬂotillins appear to play a role in cellular
uptake or trafﬁcking mechanisms of NPs and are discussed as indi-
cators for clathrin- or caveolae-independent uptake mechanisms.
Furthermore, the coculture model H441/ISO-HAS-1 represents a
suitable model to study nanoparticle interactions with the alveolar
epithelial barrier in vitro. It allows an investigation into cellular up-
take/transport of nanoparticles as well as cell–cell communication
processes after nanoparticle exposure at the alveolar-capillary site.
In addition to an induction and release of inﬂammatory signals
after NP exposure, which causes local effects on cells of the alveolar
barrier, this study proposes forwarded inﬂammatory signals which
may provoke further systemic effects. We are currently investigat-
ing a primary cell coculture model of the alveolar-capillary barrier
consisting of primary human ATII (alveolar type II cells) and
HPMEC (human pulmonary microvascular endothelial cells) to
compare these cells to the model described in these studies. The
primary ATII differentiate into ATI cells after 7–10 days of cultiva-
tion [35] and give the opportunity to study nanoparticle interac-
tions with alveolar type-I cells.Acknowledgements
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